Periodic mesoporous titanium phosphonate (PMTP-1) materials were synthesized and used as an adsorbent for the removal of a cationic dye, methylene blue (MB), from aqueous solutions. The PMTP-1 powder has a uniform mesopore size of 2.9 nm with high surface area of 606 m 2 /g. The batchdye adsorption experiments were performed under various conditions including contact time, adsorbent dose, initial MB concentration, solution pH and temperature. The adsorption equilibrium was achieved after 30 minutes of contact time, and the adsorption of MB on PMTP-1 was best fitted to the Langmuir isotherm model with the maximum monolayer adsorption capacity of 617.28 mg/g. Thermodynamic parameters such as ∆G, ∆H and ∆S were calculated. Results of kinetic studies indicated that the adsorption process followed the pseudo-second-order model, which suggests that the process might be a chemisorption. The study results indicate that the PMTP-1 powder could be used as an efficient adsorbent for the removal of textile dyes from effluents.
INTRODUCTION
Effluents from dyeing industries have a serious impact on the environment because their disposal into water bodies causes considerable damage to both aquatic biota and humans by inducing mutagenic and carcinogenic effects. Therefore, the removal of dyes from waste water is important for risk assessment. Various physical, chemical and biological treatment methods have been used for the removal of these dyeing effluents (Özcan et al. 2007; Ioannou et al. 2013) . Considering the effectiveness, cost and environmental impact of these processes, adsorption is a more competitive treatment process for dye removal due to its simplicity, high efficiency and wide-ranging availability Hou et al. 2013) . Although many adsorbents have been reported for removing some common dyes (Dogan et al. 2007; Özcan et al. 2007; Auta and Hameed 2011; Han et al. 2011; Hou et al. 2013; Ioannou et al. 2013; Liu et al. 2013; Yu et al. 2013) , such as methyl orange, methylene blue (MB) and Rhodamine B, it is still a challenge to search for adsorbents that are more effective, because the water-treatment industry requires eco-friendly, highly effective and low-cost adsorbents that are available in tonnage quantities.
MB is the most commonly used substance for dying cotton, wood and silk. When inhaled it can cause difficulty in breathing, while direct contact may cause permanent injury to the eyes of human and animals, as well as burning sensations, nausea, worming, profuse sweating, mental confusion and methaemoglobinaemia (Rafatullah et al. 2010) . Activated carbon, a traditional adsorbent that has been used extensively in dying industries, is inadequate for removal of dyes from the aqueous solution, presenting significant disadvantage (Ma et al. 2012) . It is flammable and difficult to regenerate. Thus, alternative non-conventional and low-cost adsorbents are being studied (Xiong et al. 2010; Ashiq et al. 2012; Ayad et al. 2012; Bin Mukhlish et al. 2012; Farghali et al. 2012; Ma et al. 2012) . Rafatullah et al. (2010) have recently reviewed the use of low-cost adsorbents derived from agricultural wastes, industrial solid wastes, biomass, clays minerals and zeolites for the removal of MB dyes from aqueous solutions.
Chemically designed mesoporous organic-inorganic hybrids are considered to be promising candidates for environmentally friendly and multi-functional materials, which have attracted attention because of a combination of enhanced properties attributed to their organic and inorganic components . Very recently, a series of mesoporous metal phosphonates has been reported as an important family of mesoporous non-silica-based organic-inorganic hybrid materials for sustainable energy and environment applications . Both the hexagonal Ma et al. 2010a ) and cubic (Ma et al. 2010b ) periodic mesoporous titanium phosphonate (PMTP) materials bridged with different organic groups have been synthesized by the surfactant-templating strategy, and used as photocatalysts for organic dye degradation and also as efficient adsorbents for the gas-phase adsorption of CO 2 and the liquidphase adsorption of heavy metal ions in water, demonstrating their promising potential in environmental remediation. Structurally, their large specific surface area and narrow mesoporesize distribution make them an ideal adsorption material (Ma et al. 2010c ). The organic functionalities in PMTPs typically serve to form complexes with heavy metal ions through acid-base reactions, and the solid support allows for the easy removal of the loaded adsorbent from the liquid waste (Ma et al. 2010c; Ma et al. 2009 ). However, little attention was paid to identify the adsorption characteristics of organic pollutants on mesoporous metal phosphonate materials.
In this paper, mesoporous titanium phosphonate materials of hexagonal phase (PMTP-1) were synthesized using cationic surfactant cetyltrimethylammonium bromide (CTAB), and the adsorption performance of PMTP-1 for the cationic dye MB as target pollutant from aqueous solution was evaluated. The effects of various experimental parameters, including contact time, initial dye concentration, pH and temperature on the adsorption behaviour of PMTP-1 for MB were also investigated. The experimental data for MB adsorbed onto PMTP-1 were compared using Langmuir and Freundlich isotherm equations, and the equilibrium thermodynamic parameters and the pseudo-second-order kinetic model were determined.
EXPERIMENTAL ANALYSIS

Materials
Titanium tetrachloride (TiCl 4 ), MB (Scheme 1), CTAB and phosphoric acid (H 3 PO 4 ) were obtained from Tianjin Kermel Chemical Co. Sodium salt of ethylenediamine tetra(methylene phosphonic acid) (EDTMPS, Scheme 1) was obtained from Henan Qingyuan Chemical Company. All chemicals were used as received without further purification.
Synthesis of Mesoporous Titanium Phosphonate
In a typical synthesis procedure, 3.0 g of CTAB and 0.005 mol of EDTMPS were added into a mixed solution of 75 ml of deionized water and 25 ml of ethanol under vigorous stirring, followed by slow dropwise addition of TiCl 4 (P/Ti molar ratio = 4/3). The reactor was kept in a cryosel bath to slow down the hydrolysis of TiCl 4 and the pH value was adjusted to 4 by adding ammonia and HCl. A homogenous solution was obtained after another 2 hours of stirring. The obtained mixture was sealed in one Teflon-lined autoclave and crystallized statically at 120 °C under autogenous pressure for 48 hours. A transparent viscous liquid was formed after the crystallization, followed by evaporation of solvent under 50 °C similar to the evaporation-induced self-assembly method, to finally obtain a yellow gel. The gel was filtered, washed with water repeatedly, and the removal of the surfactant was accomplished by Soxhlet extraction with ethanol for 96 hours.
Adsorption
The MB solution was prepared with distilled water. Approximately 0.02 g of PMTP-1 was shaken with 100 ml of dye solution of known initial concentration at a desired temperature in a water bath at 20 rpm for 60 minutes. The effect of solution pH on the removal of MB was investigated over the pH range of 2.0-11.0. The initial pH of the solution was adjusted by adding 0.1 mol/l HCl or 0.1 mol/l NaOH. After adsorption, the adsorbent samples were separated by centrifuging them for 10 minutes at 4000 rpm, and the residual dye concentration in the supernatant solution was analyzed using a UV-visible spectrophotometer (Shimadzu UV-260) by monitoring the absorbance changes at the wavelength of maximum absorbance (664 nm). Adsorption equilibrium experiments were performed by stirring 20 ml of MB aqueous solution with an initial concentration of 5-25 mg/l in each 50-ml flask containing 0.002 g of PMTP-1 powder. The solutions were agitated at different temperatures (293, 303 and 313 K).
The amount of dye adsorbed onto per unit weight of adsorbent at time t (q t , mg/g) and at equilibrium (q e , mg/g), and the percentage of dye removal efficiency (%R) were calculated using the equations (1) and (2), respectively (1) where C 0 and C e are the initial and equilibrium MB concentrations, respectively (mg/l), V is the initial MB solution volume (l) and m is the mass of adsorbent (g).
Characterization
Scanning electron microscopy was performed on a Shimadzu SS-550 microscope at 15 keV, and transmission electron microscopy (TEM) was performed on an FEI Tecnai G20 microscope at 200 kV. Fourier transform infrared (FTIR) spectroscopy was carried out on a Bruker VECTOR 22 spectrometer with KBr pellet technique, and the ranges of spectrograms were 4500-400 cm -1 . The X-ray diffraction (XRD) patterns were recorded in the 2θ range of 10-80°by step scanning using a Rigaku D/max-2500 diffractometer (operated at 40 kV and 100 mA) with Cu-Kα radiation. N 2 adsorption-desorption isotherms were recorded on a Quantachrome NOVA 2000e sorption analyzer at liquid nitrogen temperature (77 K). The samples were degassed at 150 °C overnight before performing the measurements. The surface areas were calculated by the multipoint BET method, and the pore-size distributions were obtained from the adsorption branch of the isotherms by the density functional theory model. The chemical compositions of Ti and P were analyzed by inductively coupled plasma (ICP) emission spectroscopy on a Thermo Jarrell-Ash ICP-9000(N + M) spectrometer.
RESULTS AND DISCUSSION
Characteristics of Mesoporous Titanium Phosphonate
The synthesis of mesoporous titanium phosphonate PMTP-1 was performed using EDTMPS as the coupling molecule, TiCl 4 as the inorganic precursor and cationic surfactant CTAB as the structure-directing agent. Removal of surfactant species in the as-synthesized mesostructured titanium phosphonates was accomplished by extraction with ethanol solution at a relatively low temperature for the protection of the organophosphonate framework. The XRD patterns of the sample PMTP-1 are shown in Figure 1 . The low-angle XRD pattern of the sample exhibited a typical hexagonal mesostructure, with a main peak observed at 2θ = 2.18°corresponding to (100) reflection, and two small peaks at 2θ = 3.73°and 4.29°corresponding to (110) and (200) 538 reflections, respectively. The wide-angle XRD pattern shows the amorphous pore walls of the synthesized sample. The ordered hexagonal mesoporous structure was also confirmed by the TEM observation of parallel mesochannels [ Figure 1 
The nitrogen adsorption-desorption isotherms of the synthesized PMTP-1 powder and its corresponding pore-size distribution curve are shown in Figure 2 . The isotherms of the synthesized PMTP-1 are of type IV, characteristic of mesoporous materials, according to the IUPAC classification. One narrow peak at approximately 2.9 nm was observed in the pore-size distribution curve, which is consistent with the TEM observation. The BET surface area is 606 m 2 /g, and the pore volume is 0.44 cm 3 /g. The FTIR spectroscopy is an important technique to determinate characteristic functional groups that are responsible for the adsorption behaviour. The IR spectrum of the PMTP-1 sample is shown in Figure 3 . The strong broad band at 3400 cm -1 and the sharp band at 1638 cm -1 correspond to the surface-adsorbed water and hydroxyl groups. The strong band at 1058 cm -1 is due to phosphonate P-O Ti stretching vibrations Lin et al. 2011) . The overlapped bands at 1450 and 1422 cm -1 are owing to the C-H bending in -CH 2 -groups and the P-C stretching vibrations , respectively. The small bands at 1380 and 1307 cm -1 could be attributed to the phosphoryl (P = O) frequency and C-N stretching, respectively. The bands at 814 and 673 cm -1 might be related to the presence of P-O-P bending modes. The results of FTIR analysis indicated that EDTMP coupling groups were dispersed homogeneously within the hybrid network, and a large number of hydroxyl groups were present on the surface of PMTP-1, which could be the potential active sites for interaction with the cationic dye.
The chemical compositions of the PMTP-1 sample [18.20% Ti and 16.01% P (in mass)] were analyzed by ICP emission spectroscopy. The P/Ti molar ratio in the sample was 4:3 (approximately), which is consistent with the P/Ti ratio of the precursors used, suggesting the complete condensation of TiCl 4 and phosphonic acid.
Effect of Contact Time and Initial Dye Concentration
The plots of adsorption capacity versus the contact time at various initial MB concentrations are shown in Figure 4 . The adsorption process included two kinetic behaviours, namely, a rapid initial stage of instantaneous adsorption within 2 minutes, and a slower second stage of gradual adsorption within the range of 2-30 minutes. Finally, the MB adsorption reached equilibrium after 30 minutes. This indicates that the adsorption of MB onto the PMTP-1 is very fast, in comparison with that reported for other adsorbents previously (Mui et al. 2010 ). This can be attributed to the high porosity with high surface area (S BET = 606 m 2 /g) and plenty of surface-adsorption sites of adsorbent for interacting with the cationic dye. Figure 4 also showed that the equilibrium adsorption capacity increased from 37.38 to 63.15 mg/g with the increase of initial MB concentration from 10 to 20 mg/l. When the initial concentrations increased, the mass transfer-driving force became larger and the interaction between MB and adsorbent was enhanced, thereby resulting in higher adsorption capacity (Lin et al. 2008 ).
Effect of Initial pH
The initial solution pH is an important impact factor for adsorption. Because the hydrogen ion and hydroxyl ion are adsorbed quite easily, the adsorption of other ions can be affected by the pH of the solution. Therefore, it is necessary to discuss the effect of pH on the adsorption of MB. As shown in Figure 5 , with the increase of initial solution pH from 3.0 to 7.0, the values of q e rapidly increased from 10.26 to 57.32 mg/g, indicating that the increase in the solution pH was helpful for the adsorption of MB onto the adsorbent (PMTP-1). This is due to the reaction of cationic dye with OHions. Acidic condition produces more H + ions in the system. The surface of the adsorbent gathers positive charges by absorbing H + ions, which prevent the adsorption of dye ions onto the adsorbent surface due to electrostatic repulsion and the competition between H + ions and MB for the adsorption sites (Kumar et al. 2010) . As the solution pH is increased, the number of negatively charged surface sites on the adsorbent increased, resulting in an increase in the adsorption of cationic dye molecules due to electrostatic attraction (Amin 2009 ). However, when the pH is increased from 7.0 to 11.0, the adsorption capacity slightly decreased from 74.97 to 68.37 mg/g. Adsorption capacity was also affected by the chemical reaction between the adsorbent and dye molecules. Thus, by experiments, the pH of original MB solution was near 7.0 and it was not adjusted in other experiments. 
Effect of Adsorbent Dose
The values of q e and the removal percentage of dye (%R) at different doses of PMTP-1 are presented in Figure 6 . As the PMTP-1 concentration was increased from 0.2 to 3.0 g/l, the percentage of MB adsorbed increased from 93.76% to 99.13%. However, the adsorption capacity (q e ) presented the opposite trend. The increase in removal rate of dye was due to the increased adsorbent surface area and availability of more adsorption sites (Mall et al. 2006) . The decrease of q e from 101.5 to 9.35 mg/g with increasing adsorbent concentration from 0.2 to 3.0 g/l was attributed to the adsorption competition among adsorbent and the split in the concentration gradient (Kumar et al. 2010) . When the concentration of PMTP-1 was 0.2 g/l, the q e and %R were 101.5 mg/g and 93.76%, respectively. Above 0.2 g/l of adsorbent dose, there was no significant increase in the removal rate of dye, but q e decreased rapidly. Considering q e and %R, the adsorbent dose of 0.2 g/l was found to be the optimal concentration for all other batch experiments. Figure 7 shows the plots of adsorption capacity versus the contact time at different temperatures. The equilibrium adsorption capacity of MB onto PMTP-1 slightly increased from 58.63 mg/g at 293 K to 66.55 mg/g at 313 K, which indicates that the dye adsorption on the adsorbent was favoured at higher temperatures. This may be attributed to the actions of bonds between dye molecules and active sites of adsorbent being strengthened at high-temperature conditions. This suggests that the adsorption of MB was endothermic in nature. Therefore, the adsorption process appears to be related to the strong interactions between MB molecules and the organic motifs in the hybrid PMTP-1 framework.
Effect of Temperature
Adsorption Isotherm
For the solid-liquid adsorption system, adsorption isotherm is an important model to describe the adsorption behaviour. When the adsorption attains equilibrium, the adsorption isotherm can indicate the distribution of dye molecules between the solid phase and the liquid phase (Tan et al. 2008 ). This result is significant to understand the adsorption behaviour to identify the most appropriate adsorption isotherm model. In this work, Langmuir and Freundlich isotherms were used to investigate the adsorption behaviour. The Freundlich isotherm is an empirical equation used to describe heterogeneous surface systems . The Freundlich isotherm equation is expressed as follows:
( 3) where K F and n are the Freundlich equilibrium coefficients, C e is the equilibrium concentration of the solution (mg/l), q e is the equilibrium adsorption capacity per unit weight of the adsorbent (mg/g). The value of n gives information on favourability of the adsorption process and K F is the adsorption capacity of the adsorbate.
The equilibrium experimental data were fitted using Freundlich isotherm, and the Freundlich line for MB is shown in Figure 8(a) . The values of the Freundlich equilibrium coefficients K F and n were generated from the plot of sorption data. The parameter 1/n is a measure of adsorption intensity or surface heterogeneity with values between 0 and 1 becoming more heterogeneous as the value gets closer to zero. The obtained Freundlich isotherm parameters are presented in Table 1 . The Langmuir adsorption isotherm has been the most widely used adsorption isotherm for the adsorption of solute from liquid solution , and it plays an important role in determining the maximum capacity of adsorbent. The Langmuir isotherm theory is based on the assumption that adsorption takes place at specific homogeneous sites within the adsorbent, the interaction among adsorbed substance can be negligible, and the adsorbent surface is saturated after monolayer adsorption (Hoda et al. 2006) . The Langmuir isotherm equation is expressed as follows:
(4) where q m is the theoretical maximum adsorption capacity per unit weight of the adsorbent (mg/g), K L is the Langmuir adsorption constant (l/mg), C e is the equilibrium concentration of the solution (mg/l), q e is the equilibrium adsorption capacity per unit weight of the adsorbent (mg/g). The Langmuir line for MB is shown in Figure 8 The synthesized PMTP-1 contains organic functional groups in the framework, which could demonstrate some interactions with the cationic dye, and thus their performances for MB adsorption were studied. The complex organic motifs and the high surface areas could also contribute to the cationic dye adsorption. The adsorption isotherm of PMTP-1 fitted well with the Langmuir adsorption model. The specific surface area of the sample was 606 m 2 /g. According to the monolayer adsorption calculation, the maximum adsorption capacity was 621.6 mg/g, which is consistent to that calculated by the Langmuir model. By comparing adsorption capacities of different adsorbents (Table 2) , it can be observed that PMTP-1 is one of the most effective adsorbents used for MB adsorption. 
Adsorption Kinetics
Adsorption is a physicochemical process that involves mass transfer of a solute from liquid phase to the adsorbent surface (Hoda et al. 2006; Ma et al. 2012) . The transient behaviour of the dye adsorption process was analyzed by two main kinetic models, namely, the pseudo-first-order and pseudo-second-order that are adsorption reaction models, based on chemical reaction kinetics. The pseudo-first-order and pseudo-second-order kinetics are given by equations (5) and (6), respectively (Qin et al. 2009; Xiong et al. 2010 ). 
where k 1 is the pseudo-first-order rate constant (1/minute), and k 2 is the rate constant of pseudosecond-order adsorption (g/mg/minute). The values were calculated from the kinetic data (Figure 4) . The adsorption kinetics do not seem to fit the pseudo-first-order model quite well, because correlation coefficients were rather low (< 0.95). By contrast, when using the pseudosecond-order model, a plot of t/q t versus t gives the values of the constant k 2 , and also q e (mg/g) can be calculated. The results of analysis are presented in Table 3 . The liner plots of t/q t versus t show good agreement between experimental and calculated q cal values. The correlation coefficients (R 2 ) obtained from the pseudo-second-order kinetics model are higher than 0.999, indicating the applicability of this kinetics equation and the second-order nature of adsorption process of MB onto the PMTP-1 powder, suggesting that chemical sorption involving valency forces by sharing or exchange of electrons between the adsorbent and adsorbate might be significant (Xiong et al. 2010) . 
Thermodynamic Parameters
The thermodynamic parameters for the present system, including ∆G (kJ/mol), ∆S (kJ/mol K) and ∆H (kJ/mol), were calculated using the following equations:
where R is universal gas constant (8.314 J/mol/K), T is the temperature (K), q e is the equilibrium adsorption capacity per unit weight of the adsorbent (mg/g), C e is the equilibrium concentration of the solution (mg/l). The values of ∆H and ∆S were calculated from the intercept and slope of a plot of lnq e /C e versus 1/T according to equation (8) nature of the adsorption interaction (Lin et al. 2008) . The high ∆H values for the adsorption of MB onto PMTP-1 indicated that the interactions between MB and the surface polar groups might be strong. The positive value of ∆S showed the increasing randomness at the solid-solution interface during the adsorption process (Chakraborty et al. 2005) , and no significant changes occur in the internal structure of the adsorbent through the adsorption of MB onto the PMTP-1 powder.
CONCLUSIONS
The adsorption of MB from aqueous solution onto mesoporous titanium phosphonate PMTP-1 has been investigated. Various impact factors such as contact time, initial MB concentration, solution pH and temperature were optimized. The Langmuir and Freundlich isotherms were used to discuss the adsorption behaviour. It had a fast adsorption rate and reached equilibrium within only 30 minutes. The adsorption of MB by the PMTP-1 fits the Langmuir equilibrium isotherm perfectly. The kinetics of the MB adsorption on PMTP-1 follows the pseudo-second-order model. The adsorption experiments showed that PMTP-1 is an efficient adsorbent for the removal of the cationic dye MB from aqueous solution.
